Fiber-coupled single ion as an efficient quantum light source 



Alex Wilson, Hiroki Takahashi, Andrew Riley- Watson, Fedja Orucevic, Peter Blythe, Anders Mortensen, 

Daniel R. Crick, Nicolas Seymour-Smith, Elisabeth Brama, Matthias Keller, and Wolfgang LangeQ 
Department of Physics and Astronomy, University of Sussex, Brighton, BN1 9QH, United Kingdom 

(Dated: January 26,2011) 

We have realized a compact system to efficiently couple the fluorescent light emitted by a single 
trapped ion to two opposing optical fibers. The fibers are tightly integrated in the center electrodes 
of a miniature endcap trap. They capture light from the ion with a numerical aperture of 0.34 
each, corresponding to 6% of the solid angle in total. The high collection efficiency and high 
signal-to-background ratio make the setup an ideal quantum light source. We have observed strong 
antibunching of the photons emitted from the two fibers. The system has a range of applications 
from single-ion state detection in quantum information processing to strong coupling cavity-QED 
with ions. 

PACS numbers: 37.10.Ty, 42.81.-i, 32.50.+d, 42.50.-p, 03.67.Lx 



The interaction of light and single atomic particles 
has evolved from a subject of fundamental interest to 
a unique tool for modern quantum technology. The fluo- 
rescent radiation emitted by single atoms has pronounced 
quantum properties, as demonstrated by the second or- 
der correlation function [I] . While early experiments pro- 
vided little control over individual atomic particles, ad- 
vances in trapping and cooling of atoms and ions have 
led to a range of applications, most notably atom chips 
and quantum information processing in strings of ions. 

An important figure of merit of these systems is the ef- 
ficiency with which radiation emitted by a single particle 
is detected. In atom chips, this is essential for the ability 
to detect the presence of atoms [2J. In ion traps, more 
efficient collection of fluorescent light speeds up quan- 
tum state discrimination, as required for the read-out of 
a quantum register [3]. 

As a prerequisite for efficient detection, a high numer- 
ical aperture (NA) system must be employed for collect- 
ing radiation. The ideal collection efficiency would be 
achieved if photons from the full solid angle were cap- 
tured. Recently, 64% of the emission of freely falling 
atoms was collected by combining two mirrors [4] . There 
are proposals to approach 100% capture efficiency by sur- 
rounding a single atom with a parabolic mirror [5]. In 
experiments with single ions, the need for trap electrodes 
and laser access requires a more open structure. Collec- 
tion efficiencies of 10% have been reached with a spheri- 
cal mirror integrated with a linear Paul trap [5] . Another 
approach is to surround the particle with a pair of lenses 
with large NA [7]. 

In systems with large optical elements, the geometry of 
trap and vacuum chamber poses limitations for light de- 
tection. A novel way of capturing fluorescence is provided 
by optical fibers. While the diameter of the fiber core is 
only on the order of 100 /im, the fiber ends can be brought 
in close proximity to the fluorescing particle to maximize 
the numerical aperture. Integrated fibers have been used 
successfully to detect the presence of atoms on a chip, 
either in absorption [8] or fluorescence [9]. Even tighter 
integration of fluorescence collection on atom chips has 



been proposed by using optical waveguides [10] . 

Using optical fibers for collecting fluorescence from 
trapped ions is complicated by the fact that the trap- 
ping potential is adversely affected by the presence of 
dielectrics. Proper shielding and tight integration of the 
fiber in the trapping structure is required jll) . We have 
realized a novel system for combining optical fibers with 
an rf ion-trap. It fulfills the requirements of close prox- 
imity of the fiber ends to the ion, but at the same time 
negligible distortion of the trapping field. Our trap de- 
sign is of the endcap type [12j . in which a single ion is 
stored between the ends of two opposing metal rods con- 
nected to an rf-source. Additional hollow coaxial elec- 
trodes at rf-ground, surrounding the central electrodes, 
increase the depth of the trapping potential. The cylin- 
drical symmetry of the trap provides a natural way of 
combining it with optical fibers. By replacing the central 
rf-rods with hollow tubes, optical fibers can be inserted 
in both electrodes [Fig. [ija)]. The fibers are not flush 
with the end of the tube, but retracted by 50 /im, so 
that rf-shielding inside the tube makes the overlap of the 
dielectric fibers and the rf-field negligible. In addition, 
the presence of the fibers does not change the cylindrical 
symmetry of the trap, limiting distortion of the trapping 
field. 

The outer diameter of the central electrodes is 458 /im, 
the inner diameter 254 /im, and the vertical distance be- 
tween the electrodes is 446 /im. The optical fiber in our 
experiment is a Thorlabs BFH48-200 multimode fiber 
with a core diameter of 200 /im and a NA of 0.48. The 
hard cladding diameter is 230 /im so that the fiber can be 
run down the center electrodes with the coating stripped. 
After inserting the fibers from the back of the electrodes 
and positioning their end-facets, we fixed them by slightly 
squeezing the rear of the rf-electrodes. At an ion-fiber 
separation of 275 fim, the effective NA of the fiber core 
is 0.34. At this setting, the two fibers combined capture 
6% of the full solid angle, only limited by the geome- 
try. The capture efficiency of our setup is approximately 
twice of what has been demonstrated so far for fibers 
integrated with ion traps |llj . Using the full numerical 
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FIG. 1. (color online), (a) Endcap trap with integrated op- 
tical fibers. Half of the upper electrode structure is cut away 
to reveal the upper fiber, (b) Cross-section of the pseudopo- 
tential of the trap with fiber, obtained from a finite element 
calculation by averaging the potential over one rf-cycle. 

aperture of the fiber, a capture efficiency of 12.3% can 
be achieved at an ion-fiber separation of 183 /jm. 

Calcium ions are loaded from an effusive oven mounted 
to the side of the trap. To reduce coating of the trap 
electrodes with calcium, the atomic beam is collimated 
by means of a tube of inner diameter 250 fim, 2.45 mm 
away from the center of the trap. The atoms are pho- 
toionized using a resonant laser at 423 nm and a second 
stage at 375 nm for the actual ionization [13] . Once cap- 
tured in the trapping potential, a single ion is stored for 
several hours. Compared to an endcap trap with solid 
central electrodes, tubular electrodes generate a pseu- 
dopotential with a 25% lower trap depth [FigJTJb)]. For 
an rf-amplitude of 200 V, the calculated potential bar- 
riers are 2.8 eV in the radial and 2.1 eV in the axial 
direction. The secular frequencies were measured to be 
cj. r =(27r)1.9 MHz and w 2 =(2tt)3.8 MHz for a drive fre- 
quency of 14.9 MHz. 

With a view to applications in spectroscopy, quantum 
information processing and cavity-QED, the localization 
of the ion in the trap is of particular importance. As 
a first step, the ion is laser-cooled on the Si/ 2 — > P\/2 
transition with a wavelength of A=397 nm. Lasers with a 
power of several fiW are injected from the side under dif- 
ferent angles, red-detuned by roughly half the linewidth 
r=(27r)22.3 MHz. To avoid optical pumping to the D 3 / 2 
and the D 5 / 2 level, we apply lasers at 850 nm and and 
854 nm, returning the ion to the ground state via the 
P 3/2 -level [Fig [2]. 

The ion may also undergo a periodic oscillation, driven 
by the rf-trapping field (micromotion), if dc electric stray 
fields push the ion off the central node of the rf-field. 
In order to minimize micromotion, we compensate stray 
fields by applying voltages to a set of compensation elec- 
trodes. The atomic beam collimator serves as the elec- 
trode compensating dc stray fields in the direction of the 
oven. Horizontal dc-fields orthogonal to the oven are 
compensated via a small wire mounted to the side, while 
a vertical dc offset-field can be applied via the rf-ground 




FIG. 2. (color online). Scheme of the relevant transitions in 
40 Ca + . We probe the quantum properties of light scattered on 
the resonance transition at 397 nm (bold arrows). Population 
trapping due to decay to the D-states is avoided by repumping 
via the upper P-state (thin arrows). 



electrodes. With the help of these electrodes, we position 
the ion at the rf-center of the trap, where its micromotion 
is minimal. The required dc-voltages are determined by 
probing the rf-modulation of the fluorescence intensity 
using UV pump-beams in three non-collinear directions. 

The ion's localization that can be achieved depends on 
the sensitivity with which we detect micromotion. The 
sensitivity to Doppler modulation in our experiment is 
0.016r/vTfz. For an acquisition time of 4 s, we can detect 
an axial displacement of 0.006TX/uj z « 0.04A. Therefore, 
by compensating stray fields and nulling the micromo- 
tion, we localize the ion in a region smaller than the 
wavelength (Lamb-Dicke regime), a fact which is essen- 
tial for applications in cavity-QED. 

The presence of the fiber facets close to the ion might 
potentially lead to stray electric fields at the position of 
the ion due to the accumulation of charges on dielectric 
surfaces [THUS]. If left uncompensated, the ion would 
be pushed off the rf-node and hence become subject to 
micromotion, resulting in line broadening and reduced 
coupling to light. Charges might be created by direct 
laser-illumination of surfaces or in the photoionization of 
atomic calcium. We minimize these effects by reducing 
the beam waists and recessing the end of the fibers as de- 
scribed above. Another source of stray fields are contact 
potentials in sections of the electrodes partially coated 
with calcium. 

As a sensitive probe for the presence of stray fields, 
we have utilized the trapped ion itself. Automatically 
nulling the micromotion at intervals of 2 minutes, we 
tracked the compensation voltages over time after load- 
ing the trap. Using a model of the trap fields obtained 
from a 3D finite element calculation, the compensation 
voltages are converted to an electric field at the cen- 
ter of the trap which must be equal and diametrically 
opposed to the instantaneous stray field. The sensitiv- 
ity of the measurement was 60 mV/(cmVTiz). Our data 
showed stationary conditions during normal operation of 
the trap. Immediately after loading, stray fields on the 
order of 1 V/cm appear, but decay exponentially at a 
rate of 5 x 10 _4 s _1 on average. Since we measure all 
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three spatial components of the electric field, we can lo- 
cate where it originates from. We find that the sources 
lie in a small azimuthal segment on the edge of the cen- 
tral rf-electrodes, on the side facing the oven. There is no 
evidence of fields from the direction of the fibers. This is 
a strong indication that charging of the fiber end-facets 
does not play a major role, but that patch potentials on 
the electrodes are responsible. 

In order to distinguish between the effects of laser illu- 
mination and the atomic beam, we switched the pho- 
toionization lasers and oven on individually, then ob- 
served the effect on an ion already present in the trap. 
The atomic beam on its own did not affect the micro- 
motion of the ion. Laser illumination at 423 nm and 
375 nm alone lead to a change in compensation voltages, 
but it was a factor of 30 smaller than after loading the 
trap. This resilience to charging is further evidence for 
the compatibility of optical fibers with our trap setup. 

With the trapped ion centered between the fiber ends 
and the fluorescent light captured and guided to the de- 
tectors by optical fibers, there is no need for additional 
optics or any optical alignment, making the setup very 
easy to maintain. Both fibers are connected to atmo- 
sphere via vacuum feedthroughs (core diameter 400 /im) 
which in turn are linked to photomultiplier tubes (PMT, 
Hamamatsu H5773) by another optical fiber (core di- 
ameter 600 fim). Total transmission is approximately 
80%. We have investigated the quantum properties of 
light emitted on the Pi/<z — > S1/2 transition [Fig. [2j. The 
small dimensions of the trap require special care to pre- 
vent stray light from entering the optical fibers and re- 
ducing the signal-to-background ratio (SBR). In order 
to minimize scattered light, we spatially filter the princi- 
pal 397 nm beam and focus it with a diffraction limited 
lens (NA=0.25). In this way, we strongly suppress the 
background count rate in both channels. 

Spectroscopy with fiber-based fluorescence detection is 
demonstrated by scanning the 397 nm laser over the red- 
detuned half of the resonance line of the calcium ion, 
where laser-cooling occurs. Combining the signal from 
both fibers, we measur a peak fluorescence count rate of 
36k counts per second (cps) at the saturation intensity 
(J s ) against a background of 740 cps due to stray light 
and PMT dark counts. This corresponds to a SBR of 
49. At slightly higher laser intensities, count rates up to 
55 kpes are observed [Fig [3]. Thus, the combination of 
endcap-trap and optical fibers provides excellent condi- 
tions for spectroscopy of a single ion. 

It is well known that the fluorescent light of a single 
atomic emitter has non-classical characteristics. They 
can be probed via the photon statistics which shows per- 
fect antibunching |16) . Antibunched fluorescence from a 
single atom was first demonstrated in an atomic beam 
P] and later with ions [17]. The fact that the second or- 
der correlation function is close to zero at times smaller 
than the relaxation time of the transition can be inter- 
preted as the emission of photons one by one, separated 
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FIG. 3. (color online). Fluorescence spectrum of a single ion 
in the fiber-coupled endcap trap. Excitation and repumping 
beams at a power of 0.39 /xW (equivalent to an intensity of 
1.3/s) and 0.5 mW, respectively, are injected from the side of 
the trap. The combined fluorescence of the two fibers is plot- 
ted and no background subtracted. It is fit by a Lorentzian 
with a half width of 23.8 MHz (solid line). 

by the required atomic repumping. This makes a sin- 
gle driven ion an efficient source of single photons, even 
though emission occurs at random times. 

The fiber-coupled endcap trap allows us to directly in- 
vestigate the quantum properties of the fluorescent light 
from a single ion. Each of the two fibers delivers an anti- 
bunched stream of photons. Even more importantly, the 
arrival times of photons in the two fibers are anticorre- 
lated, as they originate from the same single ion. Our 
setup is an ideal, miniaturized version of the Hanbury- 
Brown Twiss experiment. Instead of generating two anti- 
corrclated photon streams with the help of a beam split- 
ter down the optical path, we use the photons captured 
by the two optical fibers directly. 

We measure second order correlations between photons 
in the two fibers by sending the PMT-output to a time- 
to-digital converter (TDC, FAST 7072T). The device 
has two separate start and stop channels, which we set 
up so that photons from each fiber can trigger a correla- 
tion measurement, to be stopped by a photon from the 
other fiber. In this way, we are able to evaluate cross- 
correlations of all registered photon pulses. A delay of 
200 ns in each stop-channel gives us access to positive 
and negative correlation times. Finally, the two TDC 
traces are aligned at r — and added. Figure |4] shows 
a correlation measurement acquired in 40 minutes, with 
the driving laser red-detuned by 6 MHz and at a power 
of 0.16 /iW. The signal-to-background ratio in the two 
fiber channels is SBR\ = 75 and SBR 2 = 26, respec- 
tively. The difference between them is due to a slight 
angle of the pump beam, scattering different amounts of 
light into the upper and lower fibers. The background 
contribution leads to an offset of 0.05 in the normalized 
correlation function (t) [seeFig.H. After subtracting 
this offset, we obtain <r '(0) = 0.05 ±0.04, an important 
figure of merit attesting to the quality of our system as 
a single-photon source. The measured correlation func- 
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FIG. 4. (color online). Normalized cross-correlation signal 
g (t) of photon arrival times at the end of the two fibers. 
The dashed line indicates the expected background level due 
to stray light and dark counts, which have not been sub- 
tracted. The excellent agreement with the superimposed nu- 
merical solution of the master equation demonstrates the dis- 
tinct quantum character of the emitted radiation. 



tion is in excellent agreement with the solution of the full 
master equation of the calcium ion, obtained numerically 
and also shown in Fig [4] 

The geometry of a single ion between two opposing 
optical fibers has important applications beyond efficient 
state-detection, spectroscopy and the generation of non- 
classical radiation. By furnishing one or both end-facets 
of the fibers with a concave surface and providing them 
with a high-reflectivity coating, an optical resonator can 
be established, known as a fiber-cavity [H]. A radius of 
curvature around 100 /im is readily achieved using ab- 
lation with a high-power laser. The small separation 
between the end-facets and the small radius of curva- 
ture lead to a very small volume of the cavity modes 
and hence to strong coupling between the electromag- 
netic field and an ion inside the cavity. The high stability 
and long trapping times achieved with single ions make 
it very attractive to strongly couple them to the field of 
a fiber-cavity. The endcap-trap geometry implemented 
here is an ideal way of avoiding the fundamental prob- 
lem of dielectric materials distorting the rf-trapping field. 
Our results show that reliable storage of a single ion is 
possible in the proximity of optical fibers. Finally, note 
that the architecture of two optical fibers coupled to an 
ion is ideally suited for the realization of an ion-based 
quantum repeater [T5] . 

In summary, we have captured the fluorescence of a 
single ion trapped in an endcap trap, using a pair of op- 
tical fibers integrated inside the two central rf-electrodes. 
Connecting each fiber to a photomultiplier tube provided 
us with a highly efficient detection system which is easy 
to maintain, as no optical adjustments are required. The 
solid angle subtended by the two fibers is 6% of 47r, mak- 
ing it the most efficient fiber detection system imple- 
mented for ions so far. We have analyzed the photon 
statistics of the light emitted by a single ion and have 



observed distinct non-classical properties of the radia- 
tion, again without any additional optical elements in the 
setup. The high signal-to-background ratio of 49 leads to 
a strong antibunching signal. The geometry of the system 
is identical to that required for coupling a single ion to 
an optical fiber-cavity and our results show unequivocally 
that it is technically feasible to provide stable trapping 
of a single ion in such a setup. 
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